Long noncoding RNAs (lncRNAs) have been proposed to play important roles in gene regulation. However, their importance in epigenetic silencing and how specificity is determined remain controversial. We have investigated the cold-induced epigenetic switching mechanism involved in the silencing of Arabidopsis thaliana FLOWERING LOCUS C (FLC), which occurs during vernalization. Antisense transcripts, collectively named COOLAIR, are induced by prolonged cold before the major accumulation of histone 3 lysine 27 trimethylation (H3K27me3), characteristic of Polycomb silencing. We have found that COOLAIR is physically associated with the FLC locus and accelerates transcriptional shutdown of FLC during cold exposure. Removal of COOLAIR disrupted the synchronized replacement of H3K36 methylation with H3K27me3 at the intragenic FLC nucleation site during the cold. Consistently, genetic analysis showed COOLAIR and Polycomb complexes work independently in the cold-dependent silencing of FLC. Our data reveal a role for lncRNA in the coordinated switching of chromatin states that occurs during epigenetic regulation.
Long noncoding RNAs (lncRNAs) have been proposed to play important roles in gene regulation. However, their importance in epigenetic silencing and how specificity is determined remain controversial. We have investigated the cold-induced epigenetic switching mechanism involved in the silencing of Arabidopsis thaliana FLOWERING LOCUS C (FLC), which occurs during vernalization. Antisense transcripts, collectively named COOLAIR, are induced by prolonged cold before the major accumulation of histone 3 lysine 27 trimethylation (H3K27me3), characteristic of Polycomb silencing. We have found that COOLAIR is physically associated with the FLC locus and accelerates transcriptional shutdown of FLC during cold exposure. Removal of COOLAIR disrupted the synchronized replacement of H3K36 methylation with H3K27me3 at the intragenic FLC nucleation site during the cold. Consistently, genetic analysis showed COOLAIR and Polycomb complexes work independently in the cold-dependent silencing of FLC. Our data reveal a role for lncRNA in the coordinated switching of chromatin states that occurs during epigenetic regulation. (1, 2) . Vernalization, the quantitative acceleration of flowering by prolonged cold, leads to the epigenetic silencing of FLC (1, 3). Polycomb Repressive Complex 2 (PRC2) is required for vernalization (4) with the core PRC2 recruited to the FLC locus before silencing. Cold exposure induces formation of a modified PRC2, PHD-PRC2 involving the Plant Homeodomain (PHD) proteins (VRN5 and VIN3), at an intragenic nucleation site (5) . Upon return to warm conditions, PHD-PRC2 spreads across the whole FLC locus, resulting in high levels of histone 3 lysine 27 trimethylation (H3K27me3) and stable epigenetic repression. The quantitative nature of vernalization was found to be the result of a cell autonomous switch between bistable epigenetic states (6) . The silent state, which is reflected by H3K27me3 accumulation and increasing cold, progressively increases the proportion of cells in which this switch has occurred. A detailed temporal and spatial analysis exploring the opposing expression state showed H3K36me3 is the most likely modification with an antagonistic role to H3K27me3 (7) . However, the lack of an absolute mirror profile between H3K27me3 and H3K36me3 at FLC suggests additional factors are necessary for epigenetic switching at FLC (7).
COOLAIR, a group of long antisense RNAs expressed from the FLC locus, has an important role in mediating FLC expression in nonvernalized plants (8) (9) (10) . COOLAIR is alternatively spliced and alternatively polyadenylated with two major classes in the warm, the proximally polyadenylated class I and the distally polyadenylated class II ( Fig. 1 A and B and refs. 11 and 12) . Increased proximal polyadenylation enhances H3K4me2 demethylase activity and reduces FLC transcription, resulting in a positive feedback mechanism that reinforces proximal polyadenylation and low expression of FLC (9, 10). Distal polyadenylation is associated with a high expression state of the locus, but it is still unclear whether use of the distal site causes, or is a consequence of, increased FLC transcription (9, 12) . In addition to this processing of the COOLAIR transcript, the COOLAIR promoter is regulated by the presence of an R loop (13) . Stabilization of the R loop by the homeodomain protein NDX1 reduces COOLAIR transcription (13) . COOLAIR transcription is also regulated by cold, with a transient expression peak after 2-3 wk of cold exposure (11) . Addition of COOLAIR promoter sequences as the 3′ terminator of a GFP sensor construct was sufficient for cold-induced reduction of GFP expression. However, the role of COOLAIR in the cold-mediated epigenetic silencing during vernalization remained unclear because plants carrying insertions into the COOLAIR promoter that attenuate COOLAIR expression were found to vernalize (14) .
Here, we have sought to clarify the role of COOLAIR in vernalization by analyzing an FLC gene carrying a replacement 3′ region, so lacking the COOLAIR promoter. We show that COOLAIR significantly accelerates FLC transcriptional repression in the cold. COOLAIR RNA was found to physically Significance Long noncoding RNAs (lncRNAs) play important roles in chromatin regulation in higher eukaryotes. Studies analysing how lncRNAs influence Polycomb silencing suggested they specifically bind and recruit Polycomb Repressive Complex 2 (PRC2) to defined targets. However, the promiscuous binding of PRC2 to RNA has raised questions as to the mechanism by which lncRNA contributes to Polycomb silencing. We investigate the function of a set of cold-induced antisense transcripts in the Polycombdependent epigenetic silencing of a floral repressor gene in Arabidopsis. Through analysis of a transgene, in which antisense transcripts are no longer cold-induced, we show that these antisense transcripts are required for coordinated switching of opposing chromatin states. This mechanism links transcriptional shutdown by cold to long-term epigenetic silencing.
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The authors declare no conflict of interest. associate with FLC chromatin in two important regulatory regions. Disruption of COOLAIR expression prevented the cold-induced reduction of H3K36 methylation, without changing the H3K27me3 accumulation dynamics, at the intragenic FLC nucleation site. This work reveals a role for COOLAIR in the coordinated switching of chromatin states that occurs during cold, linking transcriptional shutdown with epigenetic silencing.
Results
COOLAIR Isoforms Accumulate Differentially in the Cold. To further understand roles of COOLAIR, we first undertook a thorough analysis of the accumulation of COOLAIR isoforms over a time course of cold exposure (Fig. 1A) . The unspliced, class I and class II isoforms of COOLAIR all accumulated during cold with, in this experimental setup, a maximum induction at 3 wk cold. However, induction of the class I isoform was several fold higher than the others, consistent with proximal polyadenylation correlating with reduced levels of FLC transcription. To distinguish whether the accumulation in the cold was due to transcriptional induction or higher transcript stability in the cold, we measured COOLAIR steady-state levels in the presence of cordycepin, a chain termination adenosine analog (3′-deoxyadenosine) (15) . The half-life of the COOLAIR transcript increased slightly in the cold (t 1/2 NV = 100 min, t 1/2 2w = 240 min; SI Appendix, Fig. S1A ), but this change only partly explained the robust increase (seven-to eightfold) in COOLAIR RNA levels (Fig. 1A) . Accumulation of COOLAIR during cold is therefore a consequence of both transcript stabilization and transcriptional induction. (Fig. 1B) . Because expression of transgenes vary depending on the genomic context of their integration, the analysis was carried out both on selected representative lines (CTL and TEX1) or a pool of 50 individual T3 lines (referred as CTLp and TEXp). First, we confirmed that the level of COOLAIR transcription in TEX lines is lower than wild-type and is not cold inducible ( Fig. S1D ). The difference in the amount of unspliced FLC transcript levels between the TEX and CTL lines therefore is likely to be the consequence of increased COOLAIR transcriptional activity.
The FLC mRNA (fully spliced) levels did not closely follow the dynamics of the unspliced FLC RNA during cold exposure, with almost no decrease in FLC mRNA for the first 2 wk of cold exposure (SI Appendix, Fig. S2D ). These results suggest that FLC mRNA has a long half-life of many days that is not significantly affected by cold exposure (SI Appendix, Fig. S1C ). The multiple stability motifs (17) found in the 3′ UTR of FLC may contribute to this long half-life (SI Appendix, Fig. S1F ). The FLC-TEX transcript (missing the FLC 3′ UTR) was found to be slightly less stable (SI Appendix, Fig. S1E ). The higher levels of FLC-TEX in both before and during vernalization are thus likely due to increased transcription, reinforcing the view that COOLAIR accelerates transcriptional shutdown of FLC during cold exposure.
COOLAIR Associates with FLC Genomic DNA. We have shown that COOLAIR up-regulation does not depend on FLC sense transcriptional down-regulation (11). However, if sense and antisense transcription occur simultaneously at the same locus, increased antisense transcription could function to transcriptionally interfere with sense transcription. With this question in mind, we compared data from custom tiling arrays that contained both strands of the entire FLC genomic region at single nucleotide resolution (SI Appendix, Fig. S4 , see also ref. 11). The arrays had been hybridized with RNA from both warm and 2-wk cold-treated plants. There was no indication that COOLAIR transcription caused transcriptional interference with FLC transcription, i.e., that FLC unspliced transcripts were more abundant at the 5′ end of the gene as COOLAIR transcription increased (SI Appendix, Fig. S4 ). In the absence of data supporting a transcriptional interference mechanism, we searched for other mechanisms. Many lncRNAs have been shown to localize to nuclei and induce chromatin changes on their target genes (18) . We therefore checked the subcellular localization of COOLAIR and found that whereas spliced forms are efficiently exported, both spliced and unspliced COOLAIR were found in nuclear fractions (SI Appendix, Fig. S5 ). To address whether COOLAIR has ON-chromatin roles, Chromatin Isolation by RNA Purification (ChIRP) was performed ( Fig. 2 and SI Appendix, Figs. S6 and S7; ref. 19) . COOLAIR RNA but not UBC RNA was efficiently precipitated by using biotinylated antisense DNA oligo probes (the location of the DNA probes are shown on Fig. 2 ; sequences listed in SI Appendix, Table S1 ) and consistent with its induction by cold, higher amounts of COOLAIR RNA could be precipitated from cold-treated samples (SI Appendix, Fig. S7 A-C) . Sequencing of the coprecipitated DNA showed COOLAIR enriched over the whole FLC locus (SI Appendix, Fig. S6 ) but concentrated in two discrete regions of the FLC genomic DNA, the nucleation region and the 3′ region of the gene/COOLAIR promoter ( Fig. 2 and PCR validation in SI Appendix, Fig. S7D ). These regions are colinear with COOLAIR exon locations but not to the biotin oligo locations used in the ChIRP (Fig. 2) . The DNA signal was reduced when samples were pretreated with RNaseA/H, differentially affected by proteinase K (SI Appendix, Fig. S7D ) and was completely abolished when glutaraldehyde cross-linking was omitted. This result suggests the different COOLAIR/DNA interactions have different requirements for protein factors. When we analyzed the amount of associated DNA that copurified with COOLAIR in nonvernalized and 2-wk cold-treated samples, only a minor difference was observed. We conclude therefore that most of COOLAIR induced in cold is in the OFF-chromatin fraction. The genomic locations of the ON-chromatin COOLAIR have both been implicated as important for FLC regulation. The nucleation region is where the localized increase of H3K27me3 and parallel decrease of H3K36me3 occurs (6, 7). The 3′ region of the gene/COOLAIR promoter has been shown to contain an R-loop that suppresses COOLAIR transcription (13) . This region also shows dynamic changes in histone modifications during vernalization (7), suggesting that COOLAIR might facilitate chromatin modification of FLC chromatin.
COOLAIR Effect on FLC Transcriptional Shutdown During Vernalization Is Independent of Polycomb Machinery and H3K27me3 Accumulation.
Cold exposure gradually increases H3K27me3 accumulation at the nucleation site within the FLC gene through the activity of the PHD-PRC2 complex (5, 20) . Upon return to warm, a modified PHD-PRC2 and H3K27me3 spread to cover the length of the FLC locus (6) . To test the role of COOLAIR in these changes, we compared H3K27me3 levels at FLC in TEX compared with control lines (Fig. 3 A and B) . No significant differences could be observed in the nucleation of H3K27me3 at FLC during vernalization ( Fig. 3 A and B) . This data suggests that COOLAIR is not essential for the deposition of the H3K27me3 modification.
We also asked whether nascent RNAs derived from FLC could interact with the PHD-PRC2 complex. RNA-immunoprecipitation (RIP) experiments using GFP-tagged VERNALI-ZATION 5 (VRN5) and SWINGER (SWN) (21) were undertaken. No enrichment with sense or antisense RNA originating from FLC was found (SI Appendix, Fig. S8 A-F) . Based on the ChIP and RIP data, we conclude that COOLAIR does not accelerate the reduction in FLC transcription during vernalization by targeting PRC2-PHD or modifying its H3K27me3 activity.
COOLAIR Mediates Reduction in H3K36me3 at FLC. We have recently shown that for many phases of the vernalization process, H3K36me3 and H3K27me3 show opposing profiles in the FLC nucleation region (7). H3K36me3 and H3K27me3 were found to rarely coexist on the same histone tail, an antagonism that was shown to be functionally important (7) . We therefore compared H3K36me3 levels at FLC between CTL and TEX lines. H3K36me3 levels were higher in the nucleation region before cold and did not decrease during the 4 wk of cold exposure in the TEX lines (Fig. 3D) , in contrast to CTL where levels decreased over the 4-wk cold exposure (Fig. 3C) . Whereas H3K27me3 accumulation occurred normally in the TEX lines, the removal of COOLAIR disrupted the coordinated changes in H3K27me3/ H3K36me3 at the nucleation region. H3K4me3 levels often parallel H3K36me3 so we also analyzed H3K4me3 dynamics in CTL and TEX lines. Removal of COOLAIR also disrupted coldinduced reduction of H3K4me3 levels in the nucleation region (SI Appendix, Fig. S9 ).
H3K36me3 and H3K27me3 Can Be Modulated Independently in FLC
Silencing. Interestingly, the high levels of H3K36me3 at the nucleation region in the TEX lines did not limit accumulation of H3K27me3 modifications (Fig. 3 B and D) . Mutually exclusive histone modification states are predicted to result from linked positive feedback mechanisms connecting production of one modification with removal of the opposing one (22) . The ability to disconnect the changes in H3K36me3 and H3K27me3 in the TEX lines suggests that their opposing profiles result from coordinated, but not obligatory, linked methylation/demethylation processes. To further understand these connections we exploited vrn5, a mutation in a component of the PRC2-PHD complex (23) . In vrn5, H3K27 methylation is impaired, so H3K27me3 levels at FLC remain low during vernalization (Fig. 4 A and C) . Consequently, levels of unspliced FLC (Fig. 5A ) and spliced variants of COOL-AIR are elevated because of a higher transcriptional activity in the absence of Polycomb-mediated repression (SI Appendix, Fig. S10 ). vrn5, however, did not affect the dynamics of cold induction of COOLAIR (SI Appendix, Fig. S10 ). Although H3K27 methylation is impaired, H3K36me3 reduction during cold was not affected by vrn5 (Fig. 4 B and D) . These data indicate that removal of H3K36me3 during vernalization is not a direct consequence of H3K27me3. Because the TEX transgene is affected in H3K36me3 removal but not H3K27me3 deposition (Fig. 3 A-D) , the H3K36me3 and H3K27me3 changes are likely to be coordinated processes linking transcriptional shutdown with epigenetic silencing. We predicted that the vrn5 mutation would have a dominant effect on H3K27me3 modification in a vrn5/TEX genotype. Similarly, TEX modification would be dominant in defining H3K36me3 in vrn5/TEX during cold. The pattern of chromatin modifications in vrn5/TEX behaved as predicted (Fig. 4 E and F) , reinforcing the view that reduction in H3K36me3 and increase in H3K27me3 act in parallel to regulate FLC silencing. We tested the consequence of disrupting both processes on the transcriptional down-regulation of FLC during vernalization. Reduction of FLC transcription, as assayed by unspliced transcript levels, occurred more slowly in vrn5 and in TEX compared with wild-type and control lines, but was completely abolished in the vrn5/TEX double mutant (Fig. 5 A and B) . FLC down-regulation and silencing in the cold is therefore a consequence of parallel activities that result in H3K27 trimethylation and H3K36me3 demethylation (Fig. 5C ).
Discussion
We have investigated the role of the antisense COOLAIR in the epigenetic silencing mechanism underlying vernalization by analyzing an FLC gene lacking the COOLAIR promoter. We found that COOLAIR plays a major role during the cold accelerating FLC transcriptional repression in a mechanism involving reduction of H3K36 methylation. This mechanism functions in parallel to the Polycomb processes that result in accumulation of H3K27me3 at the intragenic FLC nucleation site. COOLAIR is thus important in the coordinated switching of chromatin states that occurs during cold, linking transcriptional shutdown with epigenetic silencing. How could COOLAIR lead to reduction in H3K36me3? COOLAIR RNA itself, as an ON-chromatin or OFF-chromatin fraction, may be responsible for H3K36me3 demethylation. This function could be achieved through a positive effect on a demethylase (by directing remodeling complexes) or due to a negative effect on a methyltransferase (inhibition of activity, obstruction of its binding by the ON-chromatin fraction, or by a decoy effect of the OFF-chromatin fraction). Candidate COOLAIR interacting H3K36 methyltransferase enzymes could be EARLY FLOWERING IN SHORT DAYS (EFS) (24, 25) , AtPAF1c-mutant VIP4 methyltransferase (26) , or Ash1 homologs. Reports have shown that the conserved Trithorax group protein Ash1 is an H3K36-specific dimethylase (27, 28) . In Arabidopsis, the Ash1 homolog SDG4 was shown to methylate H3K4 and H3K36 (29) . Another Ash1 homolog, SDG8, was shown to contribute to flowering time regulation through changed H3K36 methylation at FLC (30). Although H3K36 demethylase are known in animal systems (31) , their identification in A. thaliana will be necessary to test potential positive effects of COOLAIR on their activity.
Association of COOLAIR at the FLC chromatin, as evidenced by the ChIRP experiments, might influence association of chromatin complexes with the FLC nucleation site. The RNA-IP experiments showed no specific association of COOLAIR with the PHD-PRC2 complex (SI Appendix, Fig. S8 ). However, these type of analyses need to be undertaken with the appropriate H3K36 methyltransferases and demethylases. How lncRNAs generally lead to chromatin complex activity in specific chromosomal domains is unclear (32) . An influence on local association/dissociation rates of chromatin complexes to their respective modifications may be an important contributing factor (33) . Our finding that the opposing profiles of H3K27me3 and H3K36me3 during vernalization can be disconnected has important implications in understanding epigenetic switching mechanisms. Bistable epigenetic states are thought to arise from positive feedback, reinforcing mutually exclusive histone modifications (22) . The ability to disconnect the changes in H3K36me3 and H3K27me3 in the TEX lines suggests that their opposing profiles result from coordinated, but not obligatory linked, COOLAIR-PHD-PRC2 activities. Separately, modifying the generation of active and repressive histone modifications may provide a "fail-safe" mechanism where each one reinforces the other. In vrn5 or TEX, where only one of the pathways is faulty, FLC transcriptional silencing still occurs, just at a slower rate, whereas in the vrn5/TEX, it is completely abolished. How exactly these two modification systems are integrated with each other remains an open question (Fig. 5C ).
An apparently contradictory answer with respect to the importance of COOLAIR in vernalization has been found through the analysis of Arabidopsis plants containing T-DNA insertions in the COOLAIR promoter, or FLC gene modules missing the 3′ end region (14, 34) . Vernalization was found to still accelerate flowering in these plants, although in one of the T-DNA lines (SALK_140021), FLC transcriptional repression was slower (14) . In fact, we also find that after >4 wk cold regimes, FLC silencing is reasonably advanced in the TEX lines and sufficient for early flowering to occur when the plants are returned to the warm (SI Appendix, Fig. S11 ). One complication in this comparison, however, is that flowering time may be affected by the slightly shorter half-life of the FLC-TEX transcript compared with the FLC transcript (SI Appendix, Fig. S1E ) or an altered polyadenylation of the FLC-TEX mRNA. However, we would still conclude that COOLAIR RNA or transcription is not absolutely essential for vernalization in laboratory vernalization conditions. In natural conditions where temperature fluctuates widely over both daily and seasonal cycles or in different FLC alleles (16) that have different silencing dynamics, the quantitative contributions of processes reducing FLC transcription, including COOLAIR, may differ.
A surprising finding from this study that needs to be pursued is the high stability of the FLC mRNA. It may be physiologically important in natural conditions because any reduction in temperature could immediately influence FLC transcription. High stability of FLC mRNA could buffer fluctuating temperatures, avoiding large changes in FLC activity that would precipitate precocious flowering. The RNA stability may also play an important role in the time averaging mechanisms the plant must use to monitor the weeks and months required for full vernalization. Our knowledge is limited about how environmental inputs are integrated with epigenetic-modification pathways to regulate stress or adaptation responses. Deciphering chromatin modifications events, their interactions, and dynamics on FLC is providing a paradigm for environmental epigenetic regulation generally. 
